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Subject: Hydraulic model studies of the Eucumbene-Tumut Tunnel--
Junction shaft for the Australian Snowy Mountains Authority

PURPOSE OF STUDY

The main okbjective of the hydraulic model investigation
covered by this report was to determine the best method of control-
ling the flow of water through the vertical junction shaft to the
Eucumbene-Tumut Tunnel. Three methods studied were:

1. A free-discharge-type shaft inlet with the crest control-
ling the discharge

2. A submerged-type shaft inlet with a cylinder gate at the -~
tunnel-shaft junction controlling the flow down the shaft and pre- v
venting air entrainment

3. A device at the shaft inlet designed to control the flow

so as to exclude air from the shaft and cause the jet to fall through
a vacuum equal to the vaper pressure of water ‘

CONCLUSIONS

Junction-shaft Inlet

1. The inlet of the Eucumbene-Tumut junction shaft should be
operated submerged because:

a. Waterplunging into the open shaft will entrain air which
may collect in large pockets and be expelled with explosive force
past the gate structures and from the tunnel exit causing a surg-
ing of the tunnel and shaft flow. These pressure surges might

- damage parts of the system.

b. Objectionable vibration will occur if the water over the
> crest flows alternately against and away from the concrete sur-
face of the inlet structure as shown on Figure 10B.

2. Air will be entrained by the water flowing from the reservoir
to the shaft when the difference in reservoir and shaft water level
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exceeds 1 foot (protaiype) unless the inlet bulkhead gate openings are
submerged.

3. With adequate submergence of the inlet the flow conditions
will be traaquil and the head loss small for flows up to the design
discharge of 9.000 =fs 'cubic fec!i per second).

4, Water levels in the float welis that transfer the reservoir
and shaft levels to the gate control mechianism will have a minimum
fluctuation when the inlel oparales sitbimerged.

Junction-shaft Inlet Contral

1. A control at the shafi inlet, which causes a vacuum equal to
the water vapor pressure within the shaft, should not be used for the
Eucumbene-Tumut junction shaft. Water vapor cavities would be =
entrained as the water jet "l-mue'. into the water in the shaft to cause
cavitation damage to the shzm witlls. A concrete test section in the
model was slightly darnaged ‘»y cavitation after 100 hours' operation
and damage could be expected in the prototype.

2. The dispersion of a jet of water surrounded by a pressure
equal to approximately the vapor pressure of the water is essentially
the same as the dispersion of a :et surrounded by atmospheric pres-
sure.

Junction-shafi Cylinder Gate

1. A cylinder gate at the base of the shaft, controlled to keep
the shaft inlet and bulkhead gate openings submerged, will prevent
entrainment of air in the tunnel system.

2. The gute chauber or enlarge:ment in the tunnel at the base of
the shaft (r igure 2} will satis?actorily direct the flow from the cyl-
inder gate to the tunnel.

3. A divergence of the Lotinan 4 [eet of the water passage of the
lower gate frame fron: a diumeter of 18 feet to a diameter of 18 feet
11 inches (Figure 4) eliminuted a decrease in capacity that occurred
between gate op+nings or 80 and 100 percent without the divergence.

4. A gate o feot 1 inch hipn with a maximum opening of 7.5 feet
will have sufficieni capacity for the design discharge of 9, 000 cfs.
The preliminary design was 12 feet high and had a maximum opening
of 10.8 feet. The cocfficient of discharge for the 9-feet 1-inch-high
gate will have a mavimum value of approximately 0.83 al a 7.5-foot
gate opening (Figure 29).




5. Subatmospheric pressures will not occur on the 9-1/2 inches
high by 10 inches wide recommended gate seat with a section profile
from upstream to downstream of a 6~1/2-inch vertical tangent, a
compound curve of 2-1/8- and 6-1/2-inch radii, a 2-3/8-inch hori- -
zontal tangent for the seating surface, and a vertical downstream
face (Figure 30B).

6. The vibration characteristics of the prototype cylinder gate
could be evaluated only qualitatively by the model studies, because
it was infeasible to accomplish similarity for the physical properties
of the field and model structures.

7. Movement of the prototype gate is possible if the frequency
of the pressure fluctuations coincides with the natural period of the
gate, and the gate is not restrained in its freedom of movement. The
gate movement will be partially restrained if the clearance at the
gate guides is held to a minimum. The unbalanced pressure across
the gate when there is flow from the gate to the tunnel, will cause
contact at the guides and result in resistance to vertical movement
of the gate.

8. Cavitation will not occur at the lower edge of the frame seal
ring with the section profile of a horizontal 0. 62-inch tangent, a
compound curve of radii of 0.555,1.182, and 2. 390 inches and a
vertical tangent 4-1/4 inches long (Figure 39).

9. There will be no cavitation in the flow passage‘constriction
between the frame seal ring and the gate seal ring of the recommended
design (Figure 39).

10. The presence or absence of cavitation in the water passages
of the top seal of the gate can be predicted from a plot of cavitation
index versus discharge coefficient data obtained for the full-scale
sectional model under heads up to 160 feet. :

11, The pressure on the 30° sloped lower surface of the 1-1/4-.
inch thick gate seal ring changes from that in the shaft to essentially
that in the gate recess between gate openings of 4 and 4-3/4 inches
(Figure 40),

RECOMMENDATIONS
It is recommended that the cylinder gate be operated to keep
the bulkhead gate openings of the inlet submerged so as to prevent
air entrainment into the shaft and tunnel.
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INTRCBHCTION

The Eucumbenv-Tumul “roject is located in the Snowy Mountains
arca of Southeasfern Austratia (Figure 1). The Snowy Mountains Hydro-
electric Authority, respansible for the develepment of the project, has
established its headausctiers at Ceoma, near the site of construction,
approximately 280 miles southwest of Sydney. The project includes a
large reservoir on the BEucumbenc River near Adaminaby, a 14-mile-
long 21-foot-diamater {unnci that cennects this reservoir to Tumut
Pond and Powerpiaut on the Twinut River, and a diversion dam and an
18 -foot -diameter veriical shaft tn the tunnel at the confluence of the
Tumut and Happy Jacks Rivers. The 16 -foot shaflt intersects the 21-
foot-diameter tunnel approximately three-quarters of the tunnel dis-
tance from Adaminaby Reservoir to Tumut Pond (Figure 2). This
shaft and appurtenant siructurves will divert water from the Tumut
and Happy Jacks Rivers to the tunnel and Adaminaby Reservoir when
the combined fiow of the Rivers exceeds the demand at Tumut Pond.
The stored water will flow frem Ademinaby Reservoir to Tumut Pond
through the 21-foot turnel when there is insufficient water in the rivers
to supply power and irrigation demands.

The main problers of the moecddel investigation concerned the 18-
inot-diameter junction shaft and its pertinent parts located within a
sinall reservoir (Junction Pond} furmed at the diversion dam near the
confluence of Turuut and Happy Jucks Rivers. The crest of the diver-
sion dam is at elevation 3910 and the maximum flood level for Junction
Pond is elevation 3940, The crest of the inlet structure, hexagonally-
shaped in plan, iz at elevation 3895 (Wigures 2 and 3). The inlet water
sassage is taperad downwurd 'rom nexugonal at the crest to the 18-
foot circular shaft in a Z5-font verucal distance. Piers at the corners
ci the hexago: support & hexagoenslly -shaped enclosure of concrete ex-
tending upward to clevation 3940, This enclosure supports the trash-
racks, the cylinder-gate hoist mechanism, and the bulkhead gates.
The bulkhead gates are for closure ot the six 9-foot-high by 15-foot-
wide rectangular openings Letween piers through which water passes
from Junction Pond to the shzft. These openings will be kept sub-
merged to minimize air entrainment{ when water is flowing down the
shaft. Submergence will be accomplished by pressurizing the 18-foot
shaft using « 20-{oot 4-1nch inside-diarneter cylinder gate at the shaft
bottom (Figure 4). Tne cylinder-gate hoists are controlled by float-
operated mechuanisms actuated by shalt and pond-water levels, Water
levels in the shaft are to be maintained at a sufficiently high elevation
by the cylinder gate te prevent air enirainment.

The cylinder gate is located in a gate chamber or enlargement of
the tunnel. The chumber coanists of two 31.5-foot-long transitions




which are symmetrical upstream and downstream of the gate axis.
The cross section at the gate axis consists of two 21-foot-diameter
semicircles separated by a rectangle 21 feet high and 25 feet wide,
while that at the transition ends is the same as the 21-foot-diameter
circular tunnel, The transitions have a constant height of 21 feet and
their semicircular sidewalls are aligned on a 23-foot-radius reverse
curve frem points opposite the gate axis to points where they join and
are tangent to the main tunnel (Figure 2). |

The shaft diameter increases abruptly from 18 to 25.5 feet at the
shaft and tunnel junction to enclose the gate frame and provide a re-
cess for the cylinder gate when it is opened. The gate is operated by
means of three 4-1/2-inch-diameter stems which extend upward about
330 feet to the hoists at the shaft inlet. The gate is 9 feet 1 inch high
with a maximum opening of 7.5 feet. The gate seat is fastened to a
23-foot-diameter concrete pedestal rising 10. 7 feet above the tunnel
floor. The gate seat surface lS 8 inches above the tunnel center line.
Six splitters, attached to a 30° cone on top and at the center of the
concrete pedestal, keep the cyhnder gate concentric with the shaft
center line..

INVESTIGATION

The Junction-shaft Inlet

Description of model. --A 1:21. 6-scale hydraulic model of the
shaft inlet was constructed in a sheet-metal-lined head box 12 feet
square and 4 feet deep (Figure 5A). The model included a portion of
Junction Pond, the inlet structure, and part of the 18-foot-diameter
vertical shaft. The converging section of the inlet structure from
the crest to the 18-foot-diameter shaft was formed of cement-sand
mortar over wire laili backed by a sheet-metal framework (Figures
5B and 6). The upper inlet enclosure, constructed of sheet metal,
was attached to the lower part by means of wooden piers (Figures 7A
and B). Wooden columns, representing trashrack supports, were
added between the lower and upper parts of the inlet. A portion of the -
vertical shaft was represented by a 10~inch inside-diameter trans-
parent plastic pipe. Topography surrounding the inlet structure was
formed of a cement-sand mortar over a framework of wire lath and
wood (Figure 7C)., The flow approaching the crest was passed
through rock baffles to represent flow from the Tumut and Happy Jacks
Rivers. Point gages with vernier graduations to thousandths of a foot
were used to measure model reservoir and shaft water levels.

Dimensions and quantities referred to in the following discussions
are for the prototype structure unless otherwise noted.

Initial observations and test procedure. --Two methods cf oper-
ating the junction-shafl inlet were considered in the initial stages of
of the investigation: (1) operation as a free-discharge weir with dis-
charge controlled by the crest and the hydraulic losses in the shaft
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and tunnel, and {2} operation with the inlet submerged by means of a
separate control in the shaft to prevent div entrainment.

The model was first operated as a morning-glory-type spillway
with the flow plunging over the crest and into the partially-filled shaft,
Large quantities of air were entrained and much turbulence and surg-
ing were observed, :

Operation of the model, with the inlct submerged by controlling
the flow through the structurse with a gate in the discharge pipe, pre-
vented air entrainment. Flow conditions were tranquil with this
method of operation which represented a control placed in the buse
of the shaft or in the tunnel.

As a result of the initial observations and discussions with the
designers, it was decided that the investigution should be continued
to determine (1) the minirnum shaft water level with respect to the
oond level that would prevent wir entrainment with free {low ut the
crest, and (2) the head loss through the submerged bulkhead gate
openings This decision was reached ufter meager information con-
cerning surging and the damayging effects of entrained air releassd
under high pressurces was reviewed and found to be of an adverse
nature, The model tests disclosed that large quantities of entrained
air could be expected in the prototype junction shaft if it were operated
with free flow over the inlet crest (Figures 8,8, and 10).

Water from the junction shaft flows through the tunnel and past
gates into the Adaminaby Reservoir. A shaft approximately 200 feet
deep at the Adaminaby Reservolr provides access to the tunnel con-
trol gates and would serve to vent any air entrained in the tunnel flow,
However, any air collected ulong the top of the tunnel might be re-
leased with explosive force up the shaft to cause a surging which
might damage the control fucilities, or released into Adarminaby
Reservoir to cause waves and passible evosion of the bauks {n the
vicinity of the portal. Since the forees accompanying such alr ra-
lease could not be predisted feom the small scale models und limited
information of an adversu sature wus available, the free-dischurge
inlet was abandoned and & coniroited plt"?nu!‘(" .«mm‘t ways noleated for
study. However, a lunited auehar of observutions were muade for
the free-flow condition and the re NnU’s will be discussud o this re-
port.

Inlet crest free flov, ~-3Voer b todet stoucture was oparated in
free flow, the nuappe of walvre was allernately o contact und free from
the interior surface of the iniet. Tiis unstable flow action vecurred
for nearly all discharges to the muxtmum of 4,000 ofs (Ilgure 10H),
The changing flow conditions of one ¢r more nappos eould ealae uns
desirable vibration of the in Lot straot This type of {utet vtrue=
ture was not considered suitebls: for ."('ue-l low opuration,
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A determination by model studies of the minimum water level
in the shaft with respect to the pond-water level to prevent air en-
trainment was difficult because air quantities entrained in model flow
do not represent the larger quantities that are present in prototype
flow. The lower velocity and lesser degree of turbulence in the model .
at the interface of the air and water within the shaft are the pr1nc1pa1 L
reasong for the lack of similarity. i Ny

A

A known flow was passed through the inlet while the shaft level
was controlled by the gate in the discharge pipe. The differeniial
level was obtained with point gages when no entrained air was visible
in the flow down the plastic pipe shaft. An approximate maximum
difference of 1-foot prototype from pond level to shaft level without
air entrainment was indicated by the 1:21.6 scale model for discharges
from 1,000 to 9,000 cfs. Air entrainment is likely to occur at a
relatively smaller differential in the prototype because of the more
turbulent flow.

Operation of the inlet with bulkhead gate openings submerged. --
The opening of the cylinder gate for submergence of the inlet will be
related to the pond level and the shaft water level by a float-operated
mechanism connected to the gate hoists. The model inlet was oper-
ated submerged to obtain the difference between the pond and shaft
water levels or the loss of head across the bulkhead gate openings.
The loss of head was obtained for discharges representing up to a
maximum of 9,000 cfs. The head loss curve was obtained by taking
water surface readings with the bulkhead gate openings sub- |
merged the equivalent of 1 foot {Pond level 3895) at 3,000 cfs and 16
feet (Pond level 3910, crest of diversion dam) at 9, 000 cfs.. These
head losses which ranged from 0.21 to 2.17 feet (Figure 11) were
for use in designing the gate controls.

Flow conditions were tranquil in the inlet and pond for the sub-
merged operation. A slight surging and surface roughness occurred
within the shaft (Figures 12 and 13). Small vortexes formed within
the pond outside of the inlet structure at the. maximum discharge of
9,000 cfs with a pond level of 3910, but none formed within the shaft
and no air was entrained in the model flow. The water level outside
the inlet structure was progressively lowered for a constant discharge
representing 9,000 cfs. At a level corresponding to pond elevation
3901 the vortexes that formed at the bulkhead gate openings entrained
bubbles of air. When the pond level was lowered to correspond to
elevation 3896, (2-feet prototype above the top of the bulkhead gate
cpenings) Lhe openings were not submerged and a vortex formed at
the center of the shaft and entrained air. Operation at a discharge
of 9,000 cfs for pond levels below elevation 3906 is not contemplated.

Flow conditions in the inlet were satisfactory when sufficient
submergence was maintained. The submergence was sufficient for
discharges up to 3, 000 cfs when the pond was kept at elevation 3895.
To maintain the proper submergence for discharges from 3, 000 to
9, 000 cfs, the pond elevation had to be raised from elevation 3895

to 3910 in direct proportion to the discharge.
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Junction-shafl iniet Joiirnel

Description of miodel -~ r r plan for regulating the flow of
wateT Trom Junotion ond to it \d.numaby Tunnel was to provide a
control at the shaft inlet. Tms control would exclude air from the
saaft and the waier wounld {all in the shaft where its ¢jecter action
would ereate a vo o =,-<‘;v.,:1: roovoater vapor pressure. A schematic
model of the proposwed (m'tr Dovan o vonsiructed to dernonstrate the
characteristics of such a design (¥igure 14). A 1-1/2-inch sharp-

edged orifice was used 1o :uprvu‘nt the control. A 6-inch inside-
umnut ropipe 165 fnel Tong n;n emented the vertical shaft, Two 12-
inch centrifugal pumps o gevies supplied water to the orifice through
i b-inch Venturi meter used for measuring the flow, There was in-
sufficient heigl: of fall 1n the laboratory to overcome pipe losses and
reduce the pressure downstream of the orifice to vapor pressure; there-
fore, an 8-inch turbine pump was attached to the lower end of the pipe
to withdraw wuat2r and produce the desired vacuum, A gage glass
with the upper end attuched te g piezometer in the pipe approximately
1-1/2 feet dowastream of the orifice and with the lower end attached
to ancther piuometor 18 feet below the orifice gave a visible indi-
cation of the water level within the 6-inch pipe,

Model operation. -~A jet of water having a velocity of approx-
imately 110 fec: per second was discharged from the orifice down
the pipe. The pipe downstream from.the orifice flowed full unless
the turbine pump was operated. The water level could be adjusted
throughout the length of the 6-inch pipe by controlling the discharge
from the 8-incn turbine pump. A pressure of 9 inches of water, abso-
lute, surronnding the je! could be eitained by pumping the water from
the 6-inch pipce. ' ‘

Flow characteristics of modei, --T he jet of water had the same
n,puzr MO Gn ot greonarged e u..msgmwru pressure and had a
divergencsa rate ol “mm 150, lw cgular surface eruptions were
"151ble with high-speoed photography {(Figure 15), These surface erup-
trons were presamshly coausad %w m"!mlm cddics originating in the
plpe system upstreqn: of the or 3o and not by the vacuum surround-
g the jet, Tie wvrmpt was made to reduce the turbulence because a
varbulent jel 1o ihely o ocelr an nay large control of this type.

The characteriztic nolse of vavitation was heard in the 6-inch
pipe in the ro;;i:;n virare the et pencirated the water., The maximum
ievel occurred . Cthe watoer v:wm' catrained by the waler jet col-
lzpsed in o 4-0000 sthoo 7 pape coniered 14 feet helow the orifice.
Because of the sauns tra initting 'i(‘.\]](,‘ of the brass pipe, the exlent
or area of maxinony inteasity of collapse of the cavities on the pipe

wall conld not be olearly do fined. o *~(J‘H0rl oi plastic pipe, approx-
imately 4-1/4 [o2r ir lengih, was m irot 14,2 feet below the orifice

to facilitate ()L\v' atiot of Lie “tow action. The flow in this pipe
appeared Lo be a very turbulent mixture of water and vapor cavities.
High-speed movies through the plastic pipe disclesed o turbulent mix-
ture, but separa.c cwvities vore pot histinpguishable,  Appurently




vapor cuvities were entrained in the tur‘bulent flow and no definite
concentration of collapse could be detected. The maximum noise
seemed centered 2 or 3 diameters downsiream of the jet and water
junction. With the water level in the pipe controlled by a valve in
the 8-inch turbine purap discharge line, the jet- -water junction was
maintained near a level 12 feet below the orifice. A 2-foot length of
concrete-lined pipe was placed to begin at and extend below this
elevation to test for erosion by cavitation (Figure 14).

Test for cavitation erosion. --A rapid erosion of the concrete
lining by cavitation was expected because of the relatively high noise
level when compared to other laboratory cavitation apparatus. For
this reason it was not deemed necessary to photograph the surface
of the concrete in detail and only an over-all photograph of the interior
was taken before the test. After 25 hours of operation with a jet
velocity of 110 feet per second and a pressure of 9 inches of water
absolute, the test section was removed and inspected. No damage
definitely attributable to cavitation could he detected. Before re-
placing the pipe for addltlondl testing four areas chosen at random,
two at each end, 90° apart, and 2 inches from the pipe ends, were
photographed through a microscope at 12 times magnification. The
2-inch distance was limited by the photographic equipment. Photo-
micrographs were again taken after 75 hours additional testing (total
of 100 hours) because no increase in damage to the surface was
evident to the naked eye. The photographs disclosed a change in the
surface texture near the top of the pipe where the cavitation seemed
concentrated. Small holes in the concrete at 25 hours were enlarged
after 75 hours more testing Small amounts of the sand-cement
mortar were removed and the texture of the surface seemed to have
a spongy appearance characteristic of cavitation erosion (Figures 16
and 17). The concrete surface photographed at a 2-inch distance
from the bottom of the pipe was essentially unchanged (Figures 18
and 19). Although no erosion of large magnitude occurred, the smaller
forces of the model (_ompared to those of the prototype, the character-

tic noise of cavitation in the model, and the slight erosion of the
concrete surface in the region of cavitation concentration led to the
conclusion that this type control was not suitable for the junction
shaft of the Eucumbene-Tumut Tunnel, . o

An enlargement of the shaft in the cavitation region might make
this type of control suitable for an installation where the shaft water
level is relatively constant. Such an enlargement would cause the
cavity collapse to take place in the flow away from the shaft surfaces.
Such an enlargement was not feasible for the junction shaft since the
water level will . v almost the full length of the shaft.

The Junction-sh::* Cylinder Gate--Preliminary Design

Description + model, --A cylinder gate located at the junction
of the shait andt nel seemed the most feasible discharge control.
A 1:18 scale mode. of the gate and gate chamber was constructed
from a preliminary design. The model consisted of a 12-inch inside-




diameter pipe representing the 18-foot-diameter shaft, a cylinder
gate formed and machined from brass, a gate chamber formed by
two plastic transitions, and a 6-foot-long tunnel section of 14-inch:
inside-diameter pipe {Figure 20A). The l4-inch pipe was connected
by a 3-foot-long reducer to a length of 12-inch pipe containing a valve
for controlling the back pressure on the model. Water supplied to
the model from a 12-inch centrifugal pump was measured by venturi
meters. :

The cylinder gate model was constructed to facilitate disman-
tling and removal from the gate chamber transitions (Figures 20B
and 21A). The transitions were formed of 1/4-inch plastic to permit
observation of flow from the gate (Figures 21B and C). Plastic tubing
was attached to the gate-leaf piezometers and extended through the
plastic transitions to allow a free gate movement (Figure 21D).

Initial testing and observations. --The model was operated at
head differentials based on the computed head loss curves for the
tunnel between the cylinder gate and Adaminaby Reservoir. A value
of n = 0.10 was used to determine the back pressure in the tunnel at
the base of the shaft for discharges to 9,000 cfs. Using the differ-
ence between the maximum normal head available at the shaft inlet
and the computed back pressure, gate openings were determined for
discharges ranging from 0 to a maximum of approximately 8, 000 cfs.
The gate opening for a particular discharge was obtained by adjusting
the model gate until the computed differential for that discharge was
attained. With an increasing discharge, the tunnel back pressure
would increase and the shaft pressure decrease such that the tunnel
becomes the discharge control at approximately 9, 000 cfs (Figure 22).
The plastic transitions of the model were not strong enough to with-
stand the scaled static head, approximately 13.9 feet of water (250~
feet prototype) so the gate opening for a given differential and dis-
charge was obtained by adjusting the gate to give the proper differ-
ential with reference to a constant tunnel back pressure of 3. 3 feet
(model) which kept the gate submerged. Flow conditions from the
gate into the gate chamber were made visible by injecting small
amounts of air into the water. Pressures were measured by open
tube water and mercury manometers and reactance-type pressure -
cells. ‘ - :

Preliminary tests and observations of the gate model disclosed
no adverse flow conditions that would require major changes to the
design. Pressures measured within the gate structure were above
atmospheric or positive with the exception of those on the gate seat.
Negative pressures of 18 feet of water on the seat indicated a change
of shape to be necessary. Pressure fluctuations were evident in the
gate chamber as the jet energy was dissipated, but no movement of
the model gate was discerned in the preliminary tests in which the
gate was suspended on three 1/4-inch stainless steel rods 18.5 inches
long.




Unbalanced pressure on gate along tunnel axis--Preliminary
gate. --Water from the junction shaft passes radially between six
splitters from the gate into the gate chamber and flows (downstream)
toward the Adaminaby Storage Reservoir. The preliminary gate
chamber transition toward Adaminaby Reservoir had been tapered in
plan view to converge at a 10° angle in the direction of flow. It was
designed to aid in directing the flow from the gate to the tunnel toward
Adaminaby with a minimum of resistance. The forcing of the water
to flow through the tunnel in one direction caused an unbalance of
hydraulic pressure on the gate. A test was made to determine the
magnitude of the unbalanced pressure for use in designing the gate
guides. Pressures were taken by piezometers at six points on the
gate, one each upstream and downstream at elevations 2 feet, 6.88
feet, and 11. 38 feet above the gate lip.

A pressure unbalance, measured at the top piezometers, varied
from a maximum of 1 foot of water in the upstream direction at 2,500
cfs to a maximum of 2 feet of water in the downstream direction at
9, 000 cfs. The unbalanced pressure at the middle piezometers varied
from a maximum upstream of 1.8 feet at 5, 000 cfs to approximately
0 at 9, 000 cfs. The unbalance at the bottom piezometers was a maxi-
mum of 1.5 feet upstream at 7, 000 c¢fs and varied to 0 at 9, 000 cfs.
These small pressure differences were not considered objectionable
since the change from a pressure upstream to a pressure downstream
occurred gradually. ‘

The need for the 10° convergent transition was investigated be-
cause, structurally, the reversed curve transition of the Tumut side
of the gate chamber offered greater strength at a lower construction
cost. Since there would be no flow in the tunnel upstream from the
gate, it was assumed that the 10° transition would simulate the up-
stream portion of a gate chamber with symmetrical reversed-curve
transitions without modification to the model. Therefore, the model
gate chamber was tested in a reversed position (Figure 234A).

The maximum pressure unbalance on the top piezometers was
2 feet of water upstream at 3,500 cfs, 0 at 5,300 cfs, a maximum of
1.7 feet downstream at 6, 000 cfs, and 0.5 foot downstream at 9, 000
cfs. The unbalance at the center piezometers reached a maximum of -
3 feet upstream at 6, 000 cfs and decreased to 2 feet at 9, 000 cfs. The
unbalance at the bottom of the gate was 1 foot upstream at 3, 000 cfs
and 7.20 feet downstream at g, 000 cfs. The maximum unbalance re-
corded in either test was 7.20 feet. This value was considered satis-
factory and a gate chamber of two 21-foot-high transitions with their
semicircular walls aligned on 23-foot-radius reverse curves was
accepted for the fizal design (Figure 2).

Coefficient of discharge for preliminary cylinder gate.--A cali-
bration of the gate model indicated more than adequate capacity for
the maximum design discharge. Discharge coefficients were com-
puted from model data, which included the discharge, the pressure




head in the iniet shaft measured at a point 43. 21 -feel prototype above
the gate seat, the gate opening, and the pressure head in the tunnel
53.1 feet downstream of the shaft center line. The equation used
was:

v S H
whore
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= avea of Inlot shalt, square feel

H = difference in total head (pressure head plus
velocity head in feet of water) between shaft
and tunnel measuring stations both referred
to the tunnel center line

g = gravity = 32.2

The coefficient of discharge reached a maximum of 0,90 at an
8.5-foot gate opening and decreased to approximately 0.73 at a 10, 8-
foot maximum opeéening (Curve a, Figure 24). The decrease in the
coefficient over the range of cpening from 8.5 to 10. 8 feet indicated
that for a given difierential head, a loss. in capacity would result by
opening the gate beyond 8.5 feet. The maximum coefficient of 0. 90
was higher than anticipated, and with a reduction in coefficient for
gate cpenings greater than 8.5 feet, it was reasoned that the gate
travel and thus the gate height could be reduced. The cause of the
reduction in coefficient was first determined.

An abrupt enlargement of the flow passage from the inside diam-
eter of the shaft to the inside diameter of the gate occurred at the
hottom of the lower frame (Figure 24B). It was believed that the flow
lines in this expanded region varied with the gate opening and influ-
enced the contraction under the gate. A change inflow lines and
thus in the contraction occurs as the gate is raised and its bottom

edge approaches the offsel. As the edge reaches a point where the
contraction is influenced by the frame, the contraction increases and
B the discharge coefficient is lowered accordingly. This action was
indicated by the behavior of the pressures on the bottom surface of
the lower gate frame. When referred to the same datum these pres-
sures were higher than thosc on the top of the gate for gate openings
up tc 7 feet, equal to them at the 7-foot opening, 5 feet less at an
8-1/2-foot opening, and again equal to them al a 10-foot opening.

The lower frame of the model gate was extended downward the
equivalent of 2.3 feet to ascertain if the coefficient curve was a
general shape for an abrupt enlurgement from the frame inside diam-
eter to the gate inside diameter. The coefficient curve obtained for
this arrangement was of the same general shape as for the initial gate
but with the maximum discharge coefficient of 0. 83 occurring at an
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opening of about 6.75 feet (Curve b, Figure 24). From the results
of this test it was concluded that the sudden expansion and its posi-
tion with respect to the bottom of the gate were the main factors con-

. tributing to the shape of the coefficient curve. Two solutions to the

. problem were possible; either a tall gate with the opening limited to
that where the discharge coefficient was a maximum, or a shorter
gate, with the sudden expansion reduced and the relative maximum

‘ opening increased. The smaller gate was desired because of its
lower initial cost.

A gradual expansion from the inside diameter of the shaft to the
inside diameter of the gate seemed most desirable since this would
make the expansion effective throughout the full gate travel, prevent
the inner edge of the lower frame from influencing the contraction under
the gate, give maximum capacity at full gate opening, and make the
gate height a2 minimum for a given discharge. Structural limitations
prevented the use of such an expansion so a compromise was neces-
sary. An expansion of the 4-foot-long lower gate frame from the
18-foot diameter of the shaft to 18 feet 11 inches was later represented
in the model, tested, and found satisfactory. The test results are
discussed in a subsequent.section of this report.

Pressures on preliminary gate seat shape. --Except for those on
the gate seat, the pressures measured in areas of the modzi gate
where subatmospheric pressures were most likely to occur were
above atmospheric. Subatmospheric pressures of approximately 18
feet were recorded on the gate seat for a discharge of 5, 400 cfs and
a gate opening of 1.15 feet (Piezometer 38, Figure 25). As water
flowed across the gate seat, the discontinuities of the seat in the form
of steps caused a tendency toward flow separation and a reduction in
pressure. The gate seat was not considered satisfactory because of
the subatmospheric pressure of 18 feet of water.

Study of seat shape using low—velocity air.--A low cost two-
dimensional air model of wood to a 1:4 scale was utilized for the study
of the seat shape (Figure 26) because the dismantling and machining

of successive gate seat shapes for the hydraulic model would have
been time consuming and expensive if several shapes were involved.

A section representing 2 feet of the prototype seat was studied in the
air model, Pressures on the gate seat were measured by piezometers
and the total head by a Pitot tube.

Since the jet from the gate was submerged by water in the gate
- chamber, the condition was represented by the jet from the air model
discharging into atmospheric pressure. There was one main differ-
ence however; the air jet was not confined by walls representing the :
- gate chamber, and thus currents adjacent to the gate were not the s
same. An incomplete but satisfactory correlation was obtained by PAVE
the use of pressure factors from the following equation: o
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PA ‘
—5— = piezometric head in the critical area of gate seat
P
—7 © bressure head into which jet discharges
and

Hp = total head in shaft, pressure plus velocity head

The minimum pressure indicated by pressure factors from the
air model was approximately 2.5 times that for the water model, while
the gate opening at which the pressure occurred differed by 0.5 foot
(prototype) (Curves a and b, Figure 27), The greater reduction of
pressure in the air model was attributed to the absence of the gate
chamber walls. In the water model a portion of the jet from the gate
flowed down the gate chamber walls and up the gate pedestal, This
circulating flow, deflected the water jet from under the gate upward,
partially relieving the subatmospheric pressure on the downstream
side of the seat. This action was less pronounced on the air model
because of the difference in confinement of the gate flow. A ‘short=
ening of the gate seat base on the downstream side in the air model
(the equivalent of decreasing the pedestal diameter) resulted in a
minimum pressure factor of approximately -0.45 for the water and
air models. The gate openings for the minimum pressure factors
differed by approximateiy - i.0-foot prototype (Curve c, Figure 272.
The water and air models still did not give identical reaults, but the
air model was satisfactory for indicating feasible sert shapes.

For small gate openings, air injected into the discharge of the
water model flowed downward along the vertical side of the gate
pedestal. The cause of this flow condition was not understood until
a similar flow action was observed on the air model, For gate open=
ings to approximately 0.5-foot prototype in the air model, the jet
could be forcibly deflected from a horizontal direction to a downward
direction across the gate seat base (X to Yy, Figure 274), which might
have occurred naturally if the gate chamber confinement had been rep=
resented in the model. The air in the area downstream and adjacent
to the gate seat was rarified by the deflected jet and a pressure indi-
cating cavitation occurred at the gate seat. The jet flowed in a down=
ward direction until it was aerated to relieve the negative pressure,
Cognizance was taken of this critical range of openings in subsequent
tests.




Seat with 9-inch vertical upstream face, 1-1/4-inch seat surface
and a 459 slope downstream. -~Pressures were measured on a gate
seat shape that had a vertical upstream face with a spring point 9
inches above the gate pedestal, a 1-1/4-inch flat section on which the
gate seated, and a 45° downstream sloping face (Shape 2, Figure 26C),
Pressure factors computed from the measurements made on the
seating surface and the 450 slope disclosed the shape to be satisfac-
tory except at the smaller gate openings, 0 to 0.5 foot. In this range
of gate opening the jet could be forcibly deflected downward where it
would remain and cause a subatmospheric pressure on the seat sur-
face equal to approximately 0.9 of the total upstream head. This
seat shape would be unsatisfactory because of possible cavitation at
the small gate openings.

Seat, 9 inches high, with 200 slope upstream, and 60° slope
downstream --Pressures were measured on a wedge~shaped gate ‘
seat that had a height of 9 inches, at 20° upward slope on the upstream
face and a 60° slope on the downstream face extended to the edge of
the gate pedestal (Shape 3, Figure 26C). Pressures on this seat were
above atmospheric and the jet would not flow downward without a con-
tinucus application of a deflecting force. Although acceptable from
a hydraulic standpoint, the shape was undesirable because the gate
must seat on a 20° sloping surface. Machining and setting of the
gate and seat to provide a satisfactory sealing surface would be
difficult because of the angle of the seat. A soft material such as
babbitt or rubber inserted in the slope would be undesirable should
it loosen and be removed by the flow of wqter

It was concluded that a vertical or nearly vertical downstream
face on the seat was desirable, that the downstream face of the seat
should be close to the edge of the gate pedestal to prevent subatmos-
pheric pressures on the seat and that the upstream edge of the seat
should be rounded. These factors were taken into account in'selec-
ting a gate seat for further study.

Seat with two radii curve upstream of seat surface.--Radii of
2-1/8 and 6~1/2 inches were combined to form a compound curve
on the upstream edge of a 9-1/2-inch-high gate seat.. A-2-3/8-inch
flat section tangent to the 6-1/2-inch radius provided a horizontal
seating surface. The width of the gate seat was 7-1/8 inches and the
downstream face was vertical, Operation was satisfactory at all
openings except for the range between 0 to 0.6 foot. Severe vacuum
pressures were encountered on the downstream side of the seat when
the jet was forcibly deflected downward and remained in that position.
(Piezometer 6, Figure 28).

The width of the gate seat was increased from 7-1/8 inches to
10 inches in an attempt to eliminate this condition. The jet could
still be farcibly deflected downward and would continue to flow in
that direction so the width was increased to 11 inches. For this
width the jet was stable in a horizontal position throughout the range
of the gate openings. When the jet was deflected downward and the
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deflecting force removed, the jet would return immediately to the
horizontal position where pressures were satisfactory. With a seat
width of 11 inches, the fastening of the prototype gate seat to the

gate pedestal would be difficult and a lesser width was desirable.
Since the air model results were conservative because of the uncon-
fined jet (comparison air and water preliminary design) a gate seat
width of 10 inches (Figure 28) was selected for installation in the final
hydraulic model .

Recommended Cylinder Gate

Modification of 1:18 scale model, --The hydraulic model was re-
vised to include the several features determined from the previous
tests. These included a new gate scat design, a deflector curtain
around the gate recess at the top of the gate chamber, a reduction in
maximum gate opening, an increased gate pedestal height, and an
expansion of the lower gate frame flow passage.

The gate seat was the equivalent of 9-1/2 inches high, having a
compound curve at the upstream edge with radii of 2-1/8 and 6-1/2
inches, an over-all width of 10 inches, a 2-3/8-inch-wide horizontal
seating surface, and a vertical downstream face (Figure 28).

A 1-foot-high deflector curtain wall was extended down and com-
pletely around the gate recess at the top of the gate chamber to pre-
vent direct, horizontal impingement on the top portion of the gate of
water flowing along the chamber walls (Figures 4 and 29A).

The gate pedestal height was increased the equivalent of 2 feet to
decrease the gate opening and represent a shorter gate, but the model
gate height was not altered because the extra height was at the top
and always contained within the gate recess where any dynamic in-
fluence would be similar to that of the shorter gate.

The expansion of the-flow passage in the lower gate frame sec-
tion of the model represented a change in diameter from 18 feet to
18 feet 11 inches in 4 feet (Figures 4 and 23B). This expansion was
the maximum which could be included and still provide a stiffener
ring of sufficient size to support the frame and seal ring. ‘

Gate discharge coefficient. --A maximum coefficient of discharge
of approximately (.83 was obtained at the -maximum design gate open-
ing of 7.5 feet (Figure 29). At aa 8.0-foot opening, which was the
maximum obtainable on the model, the coefficient increased to
approximately 0.84. A further expansion of the lower gate frame
passage would probably have increased the coefficient of discharge
between the 6- and 7.5-foot pale openings, but the expansion was not
practicable; moreover, the gate canacity was adequate and a maximum
at full opening.




Pressures at the lower frame and gate junction were positive
and slightly lower than the shaft pressure with both pressures referred
to a common datum. This indicuated a reduction in pressure as the
flow expanded to the passage inside the gate. The expansion of flow
and the reduction in pressure was gradual and did not cause a de-
crease in the gate capacity at the larger openings. Apparently the
inner edge of the bottom surface of the lower frame did not influence
the contraction under the gate. Operating curves for the recommended
design model and the pressures at the lower frame and gate junction
are shown on Figure 30A. The expansion of the lower frame from

18 feet to 18 feet 11 inches in diameter was satisfactory.

Pressures on gate seat shape with 2-1/8- and 6-1/2-inch radii
at upstream edge. --No subatmospheric pressures were measured in
the water model on the gate seat with the upstream edge rounded on a
compound curve of 2-1/8- and 6-1/2-inch radii (Figure 30B). Pres-
sures at Piezometer 29 on the downstream side of the seat at the
splitter center line were slightly lower than at Piezometer 32 located
in the same respective seat position but between splitters. Pressures
at both points were equal to the tunnel pressure at gate openings less
than 0.5 foot and increased in a positive direction as the discharge
and gate opening increased. With the 10-inch seat width, water did
not flow down the face of the pedestal as observed for the preliminary
gate seat design. '

Pressures measured at Piezometer 28 on the seating surface:
downstream of a splitter first decreased and then increased between
discharges of 0 and 6, 000 cfs, and then decreased to a discharge of
9, 000 cfs (Figure 30B). Pressures at Piezometer 31, located radi-
ally the same as Piezometer 28 but in the flow between the splitters,
decreased gradually as the discharge increased. Pressures at Piezom-
eter 28 were lower than at Piezometer 31 to a discharge of 5, 000 cfs
because of the reduced pressure in the eddy on the downstream side
of the splitter. The pressure at Piezometer 28 exceeded that at Pie-
zometer 31 by approximately 20 feet at 7, 000 cfs. The pressures at
the two piezometers were nearly equal at the 9, 000 cfs and 20 feet
greater than the tunnel pressure. The pressures on the seat at
Piezometers 28 and 31 were satisfactory because they changed grad-
ually and were positive for all discharges.

Piezometer 30 on the upstream edge of the gate seat measured
the shaft pressure with the gate closed. As the gate was opened the
pressure decreased to a value of approximately 60 feet (20 feet above
the tunnel pressure) at 9, 000 ¢fs. There was no indication of sub-
atmospheric pressure on the gate seat so the seat shape was satis-
factory.

Unbalanced pressures on the gate along tunnel axis.--The un-
balanced pressures for water {lowing from the shaitt to Adaminaby
Reservoir were obtained for the recommended cylinder gate design.
The piezometers used to measure the unbalanced pressure at the top
of the preliminary gate were now 2. 3 feet higher than the top of the
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recommended gate because the gate height was not changed from that

of the preliminary design, The pressures measured by these piezom-
eters were considered applicable because in both the preliminary and
recommended design, the top of the gale is within the gate recess

above the crown of the gale chamber. The maximum average pressure
unbalance, measured 11. 38 feet above the lip of the gale, was 0.7 foot
for a gale opening of 5. 38 feet snd o discharge of 9, 000 cfs (Figure 31A).
Pressures upstream and downstream of the gate on the crowns of the
gate chamber transitions were plotted along with the pressures on the
gate at these clevations (Piezometers A, B, 33, and 34, Figure 31A).

Unbalanced pressures on the gate 6. 88 feet above the lip reached
a maximum of approximately 6 feet in a downstream direction at a
discharge of 7, 000 cfs (Figure 31B). The pressure unbalance decreased
to approximately 5 feet at 9, 000 cfs. The pressure unbalance at
piezometers located 2,00 feet above the lip gradually increased from
0 to approximately 10 feet in 4 downstream direction as the discharge
increased to 9, 000 cfs (IFigure 31C). A maximum unbalanced pressure
of 10 feet of water applied uniformly to the projected gate area would
not overstress the guides and thus the gate chamber reverse-curve
transition design was acceptable.

Pressures on top and bottomn of cylinder gate. --The suspension
of the gate on lift stems approximately 330 teet long introduced the
problem of vertical movement of the gate caused by an unbalanced

pressure on its top and bottom surfaces. A vertical movement of

the gate would not result from pressure fluctuations on the top and
bottom if they were in phase and equal in magnitude and occurred sim-
ultaneously around the gate. Movement could result if the {luctuations
occurred simultaneously around the gate in phase but unequal in mag-
nitude, or out of phase and equal in magnitude. These combinations
were unlikely because of the random nature of turbulent flow in the
gate chamber as the energy in the gale discharge was dissipated.

To determine the probable dowapull forces and tendency toward
vertical oscillation of the gate, the pressure fluctuation and unbalance
on the top and bottom of the gate were investigated. Water manometers
were used to obtain the average pressure differences. Reactance-type
pressure cells were used for obtaining magnitude, frequency, and
phase relationship of fluctuations. Pressures were measured in only
one section of the gate between adjacent splitters at three positions
in the section. Position 1 was at the center line of the upstream split-
ter; Position 2, 22-1/20 to the left; und Position 3, 459 to the left
(Figure 32D).

Pressure curves for Piczometers 13, 15, 16, 17, and 18 indi-
cated a uniform pressure distribution on the gate top in the flow sec-
tion (Figures 32A, B, and ), [t was thus asswmed that a uniform
distribution would occur in the other scctions of the gate, but the values
would be progressively lower toward the downstream side because of
the decrease in pressure ir the direction of flow in the transition.
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Pressures on the gate bottom at the center line of the splitter were
approximately 3.5 feet lower than at the top for a discharge of 2,000
cfs; were approximately equal at 6, 000 cfs; and were approximately

5 feet higher at 9, 000 cfs (Figure 32A). Pressures on the gate bottom
22-1/29 from the center line of the splitter were in general lower than
at the top for discharges to 7, 500 cfs and higher than at the top for
discharges greater than 7,500 cfs. Pressures on the gate bottom 459
from the splitter center line were lower than the top for all discharges.
The maximum difference of approximately 4 feet occurred at a dis-
charge of 6, 500 cfs (Figure 32C)."

From this investigation, it was apparent that a change of loading
would occur on the gate lift stems and hoists. Unless the loading
change occurred suddenly, no movement of the gate would be expected
because the pressure differentials would be small. The inertia of
water manometers tended to dampen pressure surges. To better
define the pressure fluctuations on the gate, reactance-type pressure
cells were attached ic Piezometers 1, 13, 18, and 9 (Figure 32D).

Pressure cell measurements--Top and bottom surfaces of cylinder
. gate.--Oscillograms of the pressure fluctuations for I, 000 cfs increments
of discharge were obtained with the model attached directly to the
laboratory supply system (Figure 23A). The instruments and pressure
cells used are shown on Figure 33/\. Pressure fluctuations at the gate
top and bottom were essentially in phase, but the fluctuation at Piezom-
eter 9 slightly lagged those of Piezometers 1,13, and 18. There was

a difference in the magnitude of the fluctuation, top and bottom. The
maximum difference of 11.0 feet occurred between Piezometers 13

and 1 for discharges of 7,000 and 8, 000 cfs. Pressure differences were
not consistently upward or downward but occurred at random at the

two piezometer locations with frequencies varying between 2.5 to 5
cycles per second. ' -

A question was raised concerning the influence of the water supply"
system on the pressure fluctuations in the model. Some surge was
known to be present in the supply lines; and to exclude the influence
of the piping system, the model was connected to an available head
tank with a free water surface. ‘Water flowed from the 6-foot-diameter
head tank through a bellmouth entrance into the 12-inch pipe repre-
senting the 18-foot-diameter inlet shaft (Figure 33A).

Oscillograms of pressure fluctuations were obtained for discharges
of 2,000, 4,000, and 6,000 cfs. The head differential across the gate
at the model discharge representing 7, 500 cfs was insufficient to pre-
vent air entrainment into the model from the head tank and thus the
test limit was 6, 000 cfs. Although the peak to peak average of the
pressure fluctuations was reduced by approximately 50 percent with
the head tank, a maximum differential of 11.0 feet was obtained for
a discharge of 6,000 cfs. The frequency of pressure fluctuations had
increased slightly with those at Piezometers 1, 13, and 18 essentially
in phase at from 4 to 5 cycles per second. Fluctuations at Piezometer
9 had increased to 7 cycles per second. Because it was infeasible to




attain similarity of the physical properties of the prototype and model
structures, the effect of the pressure fluctuations and their frequency
of occurrence can be only qualitatively evaluated,

Possible gate movement. --The short stems of the model (Figure
21A) reslirained the gate and did not provide the freedom of movement
that would occur on the prototype gite with long unsupported stems.
To demonstrate the possibility of a prototype gate movement, the
model gate wassuspended on springs. The springs for the suspension
of the model gate were made to have 4 natural period of approximately
5 cycles per second to approximulely correspond with the frequency of
the pressure fluctuations. {t was assumed {for the purpose of testing,
that if the pressure forces were large enough, the gate could move at
the frequency of the pressure changes.

Operation disclosed that the model gate moved up and down under
the influence of the pressure changes within the gate chamber. The
movement was not regular nor at a frequency of the pressure fluctu-
ations; but at a random and lower frequency. Nevertheless, the pos-
sibility of a prototype movement was demonstrated provided (1) the
natural period of the gate was near the frequency of prototype pressurs
fluctuations, and (2) the gate had sufficient freedom of movement to
react readily to the pressure changes. The model indicated that a
slight friction applied to the guate stems would damp the movement of
the gate. The friction at the guidus of Lhe prototype gate resulting
from unbalanced hydraulic pressure across the gate is expected to
provide ample damping. Installation of the prototype gate should be
carefully checked to affirm that substantial friction will be available
for damping.

Cylinder-gate Top Seal

Seal problem. --The cyiinder gate ol the base of the junction shaft
is not readily accessible so studies were made to reduce maintenance
and inspection to a minimum. One of the studies concerned the seal
at the top of the gate.

This seal was designed ¢ eliminate contact of the gate and lower’
frame that occurs with high-pressure rubber seuals; thus, the clearaace
between the inner surface of tlie cylinder gate and the outer surface of
the bottom of the lower frame formed an annular space or gap between
the frame and gate (Scction H-H, Figure 4), The clearance gap between
the seal rings placed near the top of the gate and the bottom at the lower
frame changes with gale opening. Waler may be discharged through
this gap from the junction shaft tou the tunnel under differential heads
up to 277 feet. With the gate closed or nearly closed, the water flow
passage clearance gap was 1/16 inch; and as the gate opened beyond
1-1/4 inches the gap increased to 1/2 inch. It was impracticable to
study the flow characteristics of this flow passage on a scale of 1:18
S0 a separate sectional mode!l to & larger size was constructed to
investigate the possibility of cavitation in the 1/16- and 1/2-inch flow
passages.




Description of gate seal model, --A full-scale, 1-foot-long sec-
tion of the frame seal ring and gate seal ringwas constructed and installed
in facilities previously used for testing rubber gate seals,  The equip-
ment consisted of a hydraulic lift for positioning the seal, a housing
with transparent plastic windows for observation and an outlet pipe
with a gate for controlling the downstream pressure on the gate seal
(Figure 33B). Although the gate moved with respect to the frame, it
was expedient on the model to simulate the same relative motion,
by moving the shape representing the frame seal ring with respect to
the fixed gate seal ring (Figure 33C). Piezometers were located in
both shapes to study critical pressure-areas. Pressure heads to a
maximum of 160 feet of water upstream of the 1/2- and 1/16-inch
flow passages were supplied by two 12-inch centrifugal pumps in series:

Cavitation in flow passage of preliminary gate seal, --Preliminary
tests indicated the 1/2- and 1/10-inch flow passages of the gate seal
to be unsatisfactory because of cavitation. For the 1/2-inch flow
passage a vapor pocket formed downstream of the 1/4-inch radius
near the bottom of the frame seal ring. The vapor pocket extended
downstream along the frarhe seal ring boundary to connect with a
second pocket that formed in an offset of the frame seal ring boundary
(Figure 34A). A vapor pocket formed in the 1/16-inch flow passage
between the two seal ring surfaces and extended downstream of the
passage along the frame seal boundary (Figure ‘38A)

Cavitation index--Preliminary gate seal--1/2- mch flow passage. -~
The laboratory pump facilities could not produce full prototype differ-
ential head (277 feet), so it was necessary to use a parameter common
to both model and prototype seals to investigate the possibility of cav-
itation in the prototype. This parameter was a cavitation index. For
flow past submerged shapes at high Reynolds numbers, the distribution
of pressure is a function of the bhoundary geometry and the presence
of cavitation. The cavitation index, a dimensionless pressure rela-
tionship, K, is a measure of the presence and intensity of cavitation.
It was expedient to define K; as a value of K at which cavitation was
incipient. For all conditions giving values of K larger than Kj there
would be no cavitation and the pattern of flow would be unaffected. The
index may be defined in several ways. S

The cavitation index used foranalyzingthe pressure conditions inthe
1/2~inch flow passage was:

- ho"hb

hb - hv

where:

hp = model pressure representing the gate recess pressure (feet
of water)

hy = vapor pressure in feect of water (atmosphere as datum)
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hpy = model pressure representing pressure in 18-foot~-diam-
eter shaft (feet of water)

The numerator of this equation represents a measure of the pressure
head available to prevent cavitation in the flow passage, The denom-
inator is a measure of the differential head producing the velocity
through the flow passage,

A change in the pattern of flow with a tendency toward separation,
or the formation of a vapor pocket, would result in a change of the
capacity of the flow passage, As vapor cavities formed and the cavi-
tation pocket enlarged t{o decrease the effective areua of the flow pus-
sage, the cavitation index and discharge capucity would decrousa,
This characteristic wus used to define Kj.

A coefficient of discharge for the flow passage, computed frem
the measured discharge, the urea of the 1/2- by lid-~inch space, and
the difference in pressure heud (shaft to gute rocvss pressure) was
used,

C =
ANzg(ho - hp)

Q = model discharge (cfs)

A = grea 1/2- by 12-inch space (square feet)

ho = model pressure head, representing shaft pressure (feet of
water)

hp = model pressure head, representing gute recess prfmsure
(feet of water)

The transition from flow unaffected by cuvitation to flow with
cavitation was gradual so an exact velue of Ki waa not {ndlouted;
however, by a plot of the two purameters, approximate values eould
be determined for a study of the design. For valuas of K from 0 to
0.8, a vapor pocket was formed along the boundary und ncross the
width of the frame seal model. General cavitation did not veeur fer
values of K greater than 0.8, thus K{ = 0,8. Vapor pockets due te
local roughness were observed in the model before a chunge in the
flow pattern was indicated by the index curve, A cavitation index of
0.45 was computed for the prototype. This index wus bnsod on the
maximum available shaft pressure and a minimum gute recess
pressure for a discharge of upproximately 3,000 ofs und a 4=1/23=
inch gate opening. This value was {n the cuvitation range (Figure 364)
so the shape was unsatisfuctory. The study was then oxtended to re-
place the 1/4-inch radius with u curved boundury thut would be free
from cavitation,



Electric analog studies of upper gate seal--1/2-inch flow passage. --
An electric analog was utilized to reduce the time required for obtain-
ing a cavitation-free passage shape. The analog equipment consisted
of a graphite-coated paper, a potentiometer with dial reading to 1/10
of 1 percent, a precision galvanometer, and a 22-1/2-volt battery.
This equipment was mounted on plyboard for use on a drafting table
or desk (Figure 34B). B ‘

The seal passage cross-section shape for the 1/2-inch gap was
cut from the graphite-coated paper. Electrodes were cut from alumi-
num foil and clamped to the paper with sponge rubber strips backed
with plyboard. The contact of the electrode with the graphite coating
was checked by measuring an.equipotential line near the electrode.
With good contact, the distance of the line from the electrode would
be uniform for potentials within 1 or 2 percent of the electrode poten-
tial. Small deviations were corrected by adjusting the electrode
clamps. Although not used in this study, a silver paint applied
directly to the graphite-coated paper was later found to be an improve-
ment over the aluminum foil electrodes.

To study the pressure change along the boundary, it was not
necessary to establish the flow net but only the potential drop between
points along the boundary. A single probe was first used to obtain
the spacing of points for equal increments of potential (Figure 34B).
This method proved unsatisfactory because of the difficulty of accu-
rately measuring the distance between points. A probe with two points,
one electrically insulated from the other, provided a stepwise meas-
urement of the boundary length and the potential drop between points.
Equal lengths were thus set and the precision of the potentiometer was
utilized to obtain the potential drop for each step. This method over-
came the inaccuracy of measuring distance for the single probe method.
The change of potential between equal increments of boundary length
indicated changes in velocity and pressure. This factor was used to
investigate the tendency toward cavitation pressures at the flow sur-
faces. ‘ :

Preliminary frame seal boundary--1/4-inch radius. --The poten-
tial drop along the preliminary frame seal boundary was determined
from an analog model four times actual size. - This potential drop
was plotted against the developed length of the boundary to indicate
the rate of change of the velocity at the boundary as the water flowed
through the passage. For the passage to be free of cavitation, the
velocity of the water must increase in a gradual manner to a maximum
in the 1/2-inch flow passage. Thus the passage shape must be such
that the slope of the potential drop ( ) versus distance (S) curve
increases to the maximum at the uniform section of the analog which
represented the 1/2-inch flow passage. A higher velocity on the
boundary than at the uniform section would be indicated by a slope
steeper than that for the uniform section. The observed vapor pocket
at the 1/4-inch radius in the water model (Figure 34A) coincided with
the region for the steepest slope on the analog potential drop curve
(Curve a, Figure 36).




The ratio of the maximum slope ( A ¢ / A S1), to the slope at
the uniform section ( A ¢ 2/ ASs) was useé with the data from the
water model to predict cavitation. The velocity at the 1/4~inch
radius was related to the velocity in the uniform section by

R Micure 361 1
Vz -~ A¢ 2/& Sz [y 1"-"‘1]“_ 3 L) ( )

The pressure change from Sy to S from the Bernoulli equation is

(2)

2

| . /A8 2]V

hy ~ho=e |1 - (291 D7) "1 "

] T A= = : s (3)
[ L 4 A5, |

The slope of the potential drop curve indicated the maximum velocity
along the boundary would be 1.4 tim«s the velocity in the uniform
section (Curve a, Figure 36). or cavitation to occur along the boun-
dary, h; (Equation 3) must equal the vapor pressure of water (minus
27 feet of water referred to utmospheric at Denver, Colorado). Then
Equation 3 becomes
.2
f 7 22

h) = hy PL} - (i 4 T (4)

Data used for the compuind values of K for Figure 354 of the
water model were substitutco into Lqaation 4. Compuied values of
hj indicated negative pressures greater than 27 feet for values of
K< K; and thus indicated cavitation. For examplae, from motdel data
with cavitation present,

hy = 0.5 foot of Walor
o

2 = 45 feet of waler

. 5
0.5+ {1 ~(zy.4;—J 45

=330 feo




Cavitation was indicated because the negative value for h, obtained
is greater than the -27 feet of water or actual vapor pressure. For
K >K;j, the computed values of h; would have smaller negative or
even positive values and would indicate absence of cavitation. It was
concluded that the analog indications of cavitation were satisfactory,
and the method could be applied to the study of additional shapes.

Frame scal boundary 2 radii, 3/4 and 1-3/4 inches. --The sur-
face profile of a twe-dimensional jet from a slot which defines a con-
stant velocity and pressure boundary was not practicable for the frame
seal ring because of machining cost., Slight variations in the profile
could readily produce increases in local velocities and decreases in
pressures to cause cavitation. Vapor pockets were observed in the
water model at local variations in the preliminary boundary surface.
A frame scal ring boundary consisting of two radii (3/4 and 1-3/4
inches) was studied as a means of obtaining an increasing velocity
from the shaft to the uniform 1/2-inch section of the seal flow
passage (Figure 36B). An analog study of the flow passage four times
actual size gave a ratio of the maximum to the uniform section velo-
city of 1.2 near the point of tangency of the 1-3/4-inch radius and
the wall of the 1/2-inch flow passage (Curve b, Figure 36). The
pressure in this region would be reduced by 44 percent of the velocity
head in the 1/2-inch flow passage or approximately -17 feet of water
for a velocity head of 45 feet. This seal ring shape was an improve-
ment over the preliminary design, but vapor pressure was indicated
for a velocity head of approximiitely 61 feet which was much less than
the 250 feet for a 4.5-inch gate opening in the prototype. The shape
was unsatisfactory because of the rapid velocity change near the
tangent point of the 1-3/4-inch radius and the wall of the 1/2-inch
flow passuge.

Frame seal boundary of 3 radii (0.555, 1.182, and 2.39 inches). --
The previous test showed that 1 more gradual curvature was needed
near the tangent point of the 1-3/4-inch radius and the wall of the
1/2-inch flow passagde. A compound curve of 3 radii that approx-
imated an ellipse was used in place of the 2-radii curve. The minor
axis of the upproximate cllipse was set at 0,88 inch and the major
axis at 1.50 inches.  This gave a frame seal boundary with radii of
0.555, 1.182, and 2,39 inches (Figure 36C). ‘

The slope of the potential drop curve tor this design progres-
sively increased with an increase in distance along the boundary.
The slope reached a maximum al the entrance to the 1/2-inch flow
passage. This indicated that the maximum velocily was in the 1/2-
inch flow passage (Curve ¢, Figurce 36). No subatmospheric pressure
was indicated by the analog for the 3-radii-design, and the frame
seal on the water model was machined to this shape. ‘

Cavitation index--3 radii fraume seal--1/2-inch flow passage, --
Cavitation did not occur along the {low passage boundary with the 3-
radii curve in the 1-foot-long water model for the maximum avail-
able laboratory pressurc of 160 feet of water and a discharge of 3.9
cfs. The pressure of -13 feet at Piezometer B was 6 feet lower
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than the pressure of -7 feet, Piezometer A (Figure 35F), in the
1/2-inch flow passage for a differential head of 112 feet, This
indicated that the velocity in the flow passage at Piezometer B was
higher than in the 1/2-inch flow passage. This reduction in pressure
was not evident in the analog model, A further increase in the radius
of curvature near the tangent point with the 1/2-inch flow passage wall
would have increased the pressure in this region. The model jet was
discharging into a pressure of ~10 feet of water with a 112-foot differ-
ential head. With a minimum water surface in Adaminaby Reservoir
approximately 70 feet of back pressure would-be "available for gate
openings greater than 4-1/2 inches, thus the low pressure was not
considered critical and the boundary shape was recommended.

Cavitation at frame seal offset. --Cavitation occurred in the 1/2-
inch offset of the frame seal boundary downstream from the 1/2-inch
flow passage (Figures 37A and 35B). The offset was increased to
raise the pressure at the jet contraction and cause a separation of
the flow from the boundary of the offset. The offset was limited to
a maximum of 1 inch by the gate guides (an increase of 1/2 inch from-
the preliminary design) (Figure 35F). Cavitation occurred with the
1-inch offset but no decrease in the coefficient of discharge could be
detected for the maximum pressure head and discharge of the labo-
ratory pumps (Figures 35C and 37B). ‘

Severe cavitation occurred at the 1-inch offset for a gate opening
of 2-9/16 inches. The jet from the 1/2-inch flow passage was de-

flected across the offset by the gate seal ring (Figure 37C). This
prevented a return flow and resulted in cavitation and a decrease in
the discharge coefficient. A computed index for this opening on the
prototype was in the cavitation r gion (Figure 35D). Flow conditions
were improved for a gate opening of 4 inches but were still unsatis-
factory for the 2-9/16-inch opening.

Cavitation could be eliminated by sufficiently increasing the
amount of the offset to provide a return flow as evidenced by tests for
the 4-inch opening. A discussion with the designers resulted in the
elimination of the offset in the frame seal ring (Figures 37D, 35F).
This change eliminated the offset in the seal ring boundary but formed
an offset approximately 2 inches at the six 7-1/2-inch-wide upper gate
guides. An offset of 6-1/2 inches existed between the frame seal
boundary and other parts of the lower frame. The offset of 2 inches
at the guides was considered sufficient because no cavitation and no
decrease in coefficient could be obtained for this distance in the model
(Figure 35E). The computed index for the prototype indicated satis-
factory pressures would exist in the flow passage. No critical gate
opening was discerned in the model between 0 and 5 inches, and none
would be expected for larger openings because of increased back
pressures and decreased shaft pressures. The 3-radii curve and
4-1/4~inch tangent was recommended for the lower frame seal
boundary (Figure 39).




Preliminary gate seal boundary--1/16-inch flow passage. --
The gap of 1/16-inch between the gate seal ring and the final frame
seal ring (gate openings less than 4-1/2 inches) was set up on the
full scale sectional model to study the cavitation tendencies. The
side of the 1/16-inch flow passage formed by the surface of the frame
seal was parallel to the skin plate of the gate and the gate seal face.
The preliminary gate seal ring was 1-1/4 inches thick with-a 45°
chamfer from the top surface for a 1/4-inch distance down from the
top surface, a 1/4-inch flat face at the inner diameter and a 30°
chamfer at the bottom (Figure 35D). The 30° slope was provided
to facilitate the positioning of the gate as it neared the closed position.

A vapor cavity formed within and extended downstream of the
1/16-inch flow passage (Figure 38A). The dimensions of the flow
passage between the frame and gate seal for the gate in the closed or
nearly closed position formed a short tube in which water flowing
through the passage first contracted at the upstream end of the
passage and then expanded to fill the downstream end. The contrac-
tion and expansion of flow was sufficient to produce vapor pressure
within the passage. The coefficient of discharge for the flow passage
could not be used to define K; because of the difficulty of accurately
measuring the model discharge. A pressure factor was substituted
for the coefficient in this study. This pressure factor was the shaft
pressure (hg) minus the pressure in the contraction (hp) divided by
the shaft pressure minus the gate recess pressure (hy). The pres-
sure factors were constant with decreasing values of%{ until K equaled
approximately 0,30. The pressure factor values then increased at a -
rate of approximately 2:1 with decreasing values of K. Cavitation was
present for all values of K below about 0, 30. The computed index of
0. 34 for the prototype was considered to be in a critical region.

The gate seal shape was modified in an attempt to eliminate the
conditions causing the short tube flow. The 1/4-inch face of the gate
seal was reduced to 1/16 inch. A flow contraction formed at the up-
stream end of the passage and expanded along the 450 chamfer to cause
cavitation (Figure 38B). The short tube action was not eliminated
from the design because of the 45° surface and the gate seal was un-
satisfactory. : :

Recommended 1/16~-inch flow passgg_lg. --A modification of the
gate seal ring to eliminate the vapor cavity in the 1/16~inch con-
striction was based on the results of the tests on the frame seal ring.
An increase of pressure at the jet contraction caused by a separation
of the flow from the boundary was required to prevent cavitation. A
discussion of this problem with the designers resulted in the elimi-
nation of the 450 chamfer on the inner diameter of the gate seal ring.
The gate seal ring was 1~-1/4-inches thick and had a 1/8-inch vertical
face down from the top surface at the inner diameter and a 30° chamfer
at the bottom (Figure 39).




The length of flow passage was 1/8 inch or equal to the minimum
length of a short tube when based on the 1/16-inch gap between the
frame and gate seal rings. The exit of the minimum flow section
was now at the top surface of the gate seal ring. = Although cavitation
at the downstream end of the 1/8-inch-long flow passage was possible,
the seal was considered acceptable. No damage to the frame or gate
seal rings should occur because any vapor cavities that form will
collapse within the water in the gate recess.

Pressure change on gate seal ring for gate openings 0 to 5.5
inches. --Pressures were measured on the 30 chamfered surface
ol the gate seal ring to study any condition that might induce a ver-
tical movement of the gate as the gate is raised and the clearance
between the frame and gate seal rings increases from 1/16 to 1/2
inch. :

Because of the lower heads used in the model study a.pressure
factor was employed to determine the change of pressure on the seal
at the higher prototype heads. The pressure factor used was:

_h, - h
ho‘hb

Pressure factor

= pressure on 30° chamfered surface, feet of
water

he = shaft pressure, feet of water

hy = gate recess pressure, feet of water

The pressure factor varied on approximately a straight line
relationship from 0.11 to 0. 85 between gate openings of 4 and 4-3/4
inches (Figure 40). '

This study showed that the pressure on the 30° chamfer surface
would change at a rapid rate from the shaft pressure to the gate recess
pressure in less than 1 inch of gate movement. Pressures for the ;
prototype gate can be evaluated by using the pressure factor-and com-
puted values of the prototype shaft and gate recess pressures.

Any tendency for movement of the gate by pressure fluctuations
in the shaft or gate chamber may be accentuated at gate openings be-
tween 4 and 4-3/4 inches because of the rapid rate at which the seal
pressure changes with opening in this range of gate travel. No move-
ment was noted in the gate seal model but the tendency for movement
with the rigidly supported model would be less than for the prototype
gate supported by three 330-foot-long stems.
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B. CEMENT-SAND MORTAR COATING C. FINISHED INLET SURFACE

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT N
CONSTRUCTION DETAILS OF MODEL INLET OVERFLOW SECTION :




FIGURE 7
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B. INLET STRUCTURE

C. TOPOGRAPHY

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFKT
CONSTRUCTION DETAILS OF INLET STRUCTURE AND TOPOGRAPHY



FIGURE 8
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A. INLET CREST-FREE FLOW OPERATION

C. FLOW OF WATER
AND ENTRAINED AIR
DOWN SHAFT, EXPO-
SURE APPROXIMATELY
1/10, 000 SEC.

B. WATER SURFACE WITHIN INLET

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT
FREE FLOW AT INLET CREST DISCHARGE
REPRESENTING 3,000 CFS-RES. EL." 3889.6




FIGURE 8
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A. INLET CREST-FREE FLOW OPERATION

ADAMINABY TN

C., FLOW-OF WATER
AND ENTRAINED AIR
DOWN SHAFT, EXPO-
SURE APPROXIMATELY
1/10, 000 SEC.

B. WATER SURFACE WITHIN INLET

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT
FREE FLOW AT INLET CREST DISCHARGE
REPHESENTING 5. 000 CFS-RES. EL. 3891.3




FIGURE 10
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C. FLOW OF WATER
AND ENTRAINED AIR
DOWN SHAFT, EXPO-
SUKE APPROXIMATELY
1/10, 000 SEC,

B. WATER SURFACE WITHIN INLET-NOTE NAPPE FLOWING AGAINST
SURFACE AT RIGHT.

EUCUMBENE-TUMUT TUNNEL JUCTION SHAFT
FREE FLOV/ AT INLET CREST DISCHARGE
REPRESENTING 8, 000 CFS-RES. EL. 3893, 2
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FIGURE 12
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EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT
SUBMERGED FLOW AT INLET CREST DISCHARGES
REPRESENTING 3, 000 AND 5, 000 CFS




FIGURE 13
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AL HESEHRVOIR WATER SURFACE ELEVATION
AT 3910
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B. SHAF'T WATER SURFACE

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT
SUBMERGED FLOW AT INLET CREST
DISCHARGE REPRESENTING 9, U00 CFS
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JET APPEARANCE 1/100 B. HIGH-SPEED PHOTOGRAPHY OF TURBULENT SURFACE
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A. MODEL OFf CYLINDER GATE AND TUNNEL TRANSITION

B. 1-GATE, GATE STEMS AND UPPER AND LOWER FRAME
2-SPLITTERS, CONE, GATE SEAT AND PEDESTAL

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT
PRELIMINARY CYLINDER GATE MODEL TRANSITION AND GATE SECTIONS




FIGURE 21
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H, TUMUT SIDE OF GATE CHAMBER
WOODEN MOLD- 23 FOOT RADIUS REVERSE CURVE

A. ASSEMBLED GATE

C. PRELIMINARY ADAMINABY SIDE OF GATE CHAMBER
WITH WOODEN MOLD-106 DEGREE CONVERGENCE

D. CYLINDER GATE AND GATE CHAMBER ASSEMBLED

EUCUMBENE-TUNNEL JUNCTION SHAKT
CONSTRUCTION DETAILS OF MODEL CYLINDER GATE AND GATE CHAMBER




FIGURE 22
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FIGURE 23
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A. GATE DISCHARGING THROUGH RECOMMENDED TRANSITION TO
EUCUMBENE-TUMUT TUNNEL

. MODIFICATIONS TO LOWER FRAME, GATE SEAT, AND GATE PEDESTAL

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT
MODIFICATIONS TO CYLINDER GATE MODEL
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FIGURE 25
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FIGURE 27
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FIGURE 28
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FIGURE 33
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A. PRESSURE CELLS AND INSTRUMENTS FOR OBTAINING PRESSURE
FLUCTUATIONS ON MODEL

B. GATE SEAL MODEL

C. PRELIMINARY GATE SEAL-REPRESENTING GATE 4.5 INCHES OPEN
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A. VAPOR POCKET IN 1/2-INCH SEAL OFFSET B. VAPOR POCKET IN 1-INCH SEAL OFFSET
4-INCH GATE OPENING CAVITATION 4-IMCH GATE OPENING CAVITATION
INDEX 0. 39 INDEX 0. 33

C. VAPOR POCKET IN 1-INCH SEAL OFFSET D. SEAL RING BOUNDARY
2-9/16-INCH GATE OPENING CAVITATION GATE OPENING 4-INCHES
INDEX 0. 35 :
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A. VAPOR POCKET IN 1/16-INCH FLOW PASSAGF
1/4-INCH LLONG GATE SEAL SURFACE

B. VAPOR POCKET IN 1/16-INCH FLOW PASSAGE
1/16-INCH LONG GATE SEAL SURFACE

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT
CAVITATION IN GATE SEAL FLOW PASSAGE
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FIGURE 40

REPORT HYD, 392,

Np= GATE REGESS PRESSURE
(FEET OF WATER)
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EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT

PRESSURE CHANGE ON 30 DEGREE GCHAMFER
OF GATE SEAL RING




